The recovery of cathode and anode materials plays an important role in the recycling process of spent lithium-ion batteries (LIBs). Organic binders reduce the liberation efficiency and flotation efficiency of electrode materials derived from spent LIBs. In this study, pyrolysis technology is used to improve the recovery of cathode and anode materials from spent LIBs by removing organic binders. Pyrolysis characteristics of organics in electrode materials are investigated, and on this basis, the effects of pyrolysis parameters on the liberation efficiency of electrode materials are studied. Afterwards, flotation technology is used to separate cathode material from anode material. The results indicate that the optimum liberation efficiency of electrode materials is obtained at a pyrolysis temperature of 500 • C, a pyrolysis time of 15 min and a pyrolysis heating rate of 10 • C/min. At this time, the liberation efficiency of cathode materials is 98.23% and the liberation efficiency of anode materials is 98.89%. Phase characteristics of electrode materials cannot be changed under these pyrolysis conditions. Ultrasonic cleaning was used to remove pyrolytic residues to further improve the flotation efficiency of electrode materials. The cathode material grade was up to 93.89% with a recovery of 96.88% in the flotation process.
Introduction
Lithium-ion batteries (LIBs) are widely used as an energy-storage component in various electrical and electronic products, including mobile phones, cameras, laptop computers, and new-energy vehicles, due to their excellent characteristics, such as high energy density, safe handling, and low self-discharge [1, 2] . The demand for LIBs is presenting a rapid growth trend [3] ; meanwhile, the growth rate is increasing gradually, which means that large amounts of spent LIBs need to be treated because of their limited lifetime [4] . Spent LIBs mainly comprise a metallic shell, membrane separator, cathode materials (LiCoO 2 , LiMn 2 O 4 , LiFePO 4 , as well as other lithium metal oxides), aluminum foil, anode materials (graphite), copper foil, and organic electrolytes [5] . The abundant components of spent LIBs indicate that the recycling of valuable metals from spent LIBs is a significant process.
From the viewpoint of environmental protection and resource recovery, the recycling of spent LIBs has attracted more and more attention, and some sophisticated processes including hydrometallurgy, pyrometallurgy, and bio-metallurgy have been proposed [6] [7] [8] . It is worth noting that current metallurgy technologies always focus on the recovery of high economic value metals derived from cathode materials, especially Co, Li, Mn, and Ni [9] . Therefore, how to obtain pure cathode materials is the core process that connects the pretreatment process with metallurgy. Manual dismantling is extensively used to obtain cathode materials for the metallurgy process. Each component is obtained using the dismantling process and then cathode is selected as a research target. N-methyl-2-pyrrolidone or other chemical solutions are usually used to remove the organic binder, and then cathode materials are liberated from the aluminum foils [10, 11] . By sieving, pure cathode materials are used in subsequent metallurgy processes. However, manual dismantling is harmful to people's health and limits the industrial recovery efficiency of spent LIBs. At the same time, using a chemical solution to remove the organic binder has some problems, including low liberation efficiency and secondary pollution.
In recent years, with the production increase of spent LIBs, mechanical-physical methods have been applied in the pretreatment process for spent LIBs. Multistage crushing can liberate electrode particles from foils, while screening processes are utilized to achieve the separation of electrode materials and foils [12] [13] [14] . Flotation technology is then utilized to realize the separation of cathode and anode materials due to their obvious hydrophilic/hydrophobic differences [15] [16] [17] . This flowchart is significant for large scale industrial application and the preparation of pure cathode materials for the metallurgy process. Two main problems need to be solved in this process: (a) Electrode particles are attached to foils by organic binder and they are difficult to liberate under only the action of mechanical crushing force, which results in some electrode materials remaining on the foils and decreases the recovery efficiency; (b) electrode materials from this flowchart are still enveloped by electrolyte and organic binder, which will decrease their flotation efficiency because the hydrophilic/hydrophobic differences between cathode materials and anode materials are decreased. Therefore, the removal of organic binder and electrolyte is an essential process in order to obtain high purity cathode materials [18, 19] . Some chemical agents, including N-methyl-2-pyrrolidone, dimethylformamide, dimethyl acetamide, and dimethyl sulfoxide, have been utilized to dissolve the organic binder [20, 21] . However, chemical dissolution methods characterized by high cost, low efficiency, and potential pollution limit its wide application. A Fenton high-order oxidation process has been used to remove organic binder and residual electrolytes to improve the flotation efficiency of electrode materials. However, Fe 2+ was introduced into this reaction, and the Fe element remained on the surface of the electrode material, complicating the subsequent metallurgical process [15, 22] . Yu et al. adopted a grinding process to improve the flotation efficiency of electrode materials. Although grinding can improve the flotation efficiency, the organic binders and electrolytes still remain on the particles, resulting in a low cathode material recovery [23] . A roasting method can remove the organic binder and electrolytes adequately [24] , but the serious secondary pollution limits its application. Pyrolysis is an effective method that can not only remove organics from electrode materials but also reduce the environmental pollution.
A sustainable process for the recovery of cathode and anode materials derived from spent lithium-ion batteries is proposed in this study. The main purpose of this research work is to obtain high purity cathode material to lay the foundation for metallurgy. This research focuses on the following aspects: (a) The pyrolysis characteristics of cathode and anode materials; (b) the facilitation effect of pyrolysis on the liberation of electrode materials; (c) the effects of pyrolysis on the phase properties of electrode materials; and (d) the enhancement of electrode materials' flotation behavior by pyrolysis.
Experimental Section

Experimental Methods
Spent LIBs derived from waste mobile phones were collected, comprising various types of batteries. The main cathode material was LiCoO 2 , but there was a small amount of Mn and Ni elements in the cathode material [15] . The anode material was graphite. In this study, the spent LIBs were treated following the flowchart shown in Figure 1 . They were firstly discharged with 5 wt% NaCl solution for 48 h and then naturally air-dried. The discharged spent LIBs were firstly cut up by a shredder. As a result, the metallic shells were shredded while the membrane separator, electrode sheets, and other components were liberated from each other. After this shredding process, the metallic shell, membrane separator, and electrode sheets presented flake shapes, and pneumatic separation was then used to remove the membrane separator and other plastics. Magnetic (for steel shell) or eddy current (for aluminum shell) separations were applied to remove metallic shells. The mixture of cathode and anode scraps were obtained after the pretreatment. Part of the cathode and anode scraps was directly crushed and sieved. Other electrode mixtures were treated using pyrolysis combined with a mechanical-physical process. Afterwards, a flotation process was used to achieve the separation of the cathode and anode materials. The effects of pyrolysis on the liberation efficiency and flotation efficiency of electrode materials were then investigated. were treated following the flowchart shown in Figure 1 . They were firstly discharged with 5 wt% NaCl solution for 48 h and then naturally air-dried. The discharged spent LIBs were firstly cut up by a shredder. As a result, the metallic shells were shredded while the membrane separator, electrode sheets, and other components were liberated from each other. After this shredding process, the metallic shell, membrane separator, and electrode sheets presented flake shapes, and pneumatic separation was then used to remove the membrane separator and other plastics. Magnetic (for steel shell) or eddy current (for aluminum shell) separations were applied to remove metallic shells. The mixture of cathode and anode scraps were obtained after the pretreatment. Part of the cathode and anode scraps was directly crushed and sieved. Other electrode mixtures were treated using pyrolysis combined with a mechanical-physical process. Afterwards, a flotation process was used to achieve the separation of the cathode and anode materials. The effects of pyrolysis on the liberation efficiency and flotation efficiency of electrode materials were then investigated. 
Pyrolysis Experiment
A portion of the cathode and anode scraps were hand-sorted to analyze their pyrolysis characteristics. Pyrolysis experiments of cathode and anode mixtures were conducted in a controlledatmosphere tube furnace (MXG1200-80, Shanghai Micro-X furnace Co., Ltd., Shanghai, China), using the pyrolysis system shown in Figure 2 . The mixed cathode and anode scraps were placed into the tube furnace. Afterwards, the corun-dum tube was filled with nitrogen, with the nitrogen flow remaining at 100 mL/min to carry pyrolysis products away. Pyrolysis parameters were set using a temperature control system. Pyrolysis products from the organics in electrode materials were taken out of the tube by nitrogen flow, and pyrolysis oils were then collected by condensation, while organic gas was collected and treated by a gas collector system. Deionized water and an NaOH solution were used to remove the acidic gas. 
A portion of the cathode and anode scraps were hand-sorted to analyze their pyrolysis characteristics. Pyrolysis experiments of cathode and anode mixtures were conducted in a controlled-atmosphere tube furnace (MXG1200-80, Shanghai Micro-X furnace Co., Ltd., Shanghai, China), using the pyrolysis system shown in Figure 2 . The mixed cathode and anode scraps were placed into the tube furnace. Afterwards, the corun-dum tube was filled with nitrogen, with the nitrogen flow remaining at 100 mL/min to carry pyrolysis products away. Pyrolysis parameters were set using a temperature control system. Pyrolysis products from the organics in electrode materials were taken out of the tube by nitrogen flow, and pyrolysis oils were then collected by condensation, while organic gas was collected and treated by a gas collector system. Deionized water and an NaOH solution were used to remove the acidic gas. 
Flotation Experiment
Flotation technology was used to separate cathode material from anode material, because cathode material is hydrophilic, while anode material is hydrophobic. After flotation, anode material will attach to bubbles and be collected in the froth product. Flotation experiments were conducted on electrode materials before and after pyrolysis. Before the flotation experiments, the pyrolytic electrode materials were ultrasonically-cleaned to remove the pyrolysis residues. Flotation experiments were conducted using an XFD-63 flotation machine (Jianfeng Mining Machinery Manufacturing co. LTD, Nanchang, China) at room temperature with an impeller speed of 1800 rpm, an aeration quantity of 2.0 L/min, and a pulp density of 40 g/L. A dilute pulp concentration was used in this study because of the fine size of the electrode materials. n-Dodecane was used as a collector with a dosage of 300 g/t, while methyl isobutyl carbinol (MIBC) was used as frother with a dosage of 150 g/t. Cathode material concentrate and anode material concentrate were obtained by filtration and drying. Afterwards, cathode material grade in flotation products was tested by ICP.
Analytical Methods
The pyrolysis characteristics of cathode and anode materials were analyzed by a Thermogravimetric Analyzer (TGA) (NETZSCH, STA 449-F5, Selb, Germany, testing condition: temperature rose from 20 to 700 °C with a heating rate of 10 °C/min; N2 was used as a shielding gas with an airflow velocity of 20 mL/min). An Electro-probe microanalyzer (EPMA) (EPMA-8050G, Kyoto, Japan) was used to investigate the pyrolysis-enhanced liberation mechanism of electrode materials. Surface chemical states of electrode materials were analyzed using an X-ray photoelectron spectroscopy (XPS), (ESCALAB 250Xi, Thermo Fisher Scientific Inc., Waltham, MA, USA). A scanning electron microscope (SEM), (FEI quanta 250, Hillsboro, Oregon, USA) was used to determine the morphology of the electrode material particles before and after pyrolysis. The cathode material grades in flotation products were analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) (NWR 213-7900 ICP-MS, Palo Alto, California, USA). X-ray powder diffractometry (XRD) (Bruker D8 advance, Bremen, Germany, database: Inorganic Crystal Structural Database and Powder Diffraction File) was used to analyze the effects of pyrolysis on the mineral phases.
Results and Discussion
TG Analysis of Cathode and Anode Materials
TG analysis played an important role in guiding the selection of the pyrolysis parameters. Cathode and anode materials were obtained by manual processing. Afterwards, TG analyses of cathode and anode materials were conducted respectively, with the results shown in Figure 3 . The first main weight-loss stage appeared at about 100 °C, while the second main weight-loss stage 
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Results and Discussion
TG Analysis of Cathode and Anode Materials
TG analysis played an important role in guiding the selection of the pyrolysis parameters. Cathode and anode materials were obtained by manual processing. Afterwards, TG analyses of cathode and anode materials were conducted respectively, with the results shown in Figure 3 . The first main weight-loss stage appeared at about 100 • C, while the second main weight-loss stage presented at about 500 • C. The evaporation of electrolyte caused the first weight-loss stage. The second weight-loss was from the decomposition of organic binders that are wrapped on the surface of electrode materials. On the basis of the TG analysis, cathode and anode materials have similar pyrolysis characteristics, and the mixed pyrolysis of cathode and anode materials is feasible. presented at about 500 °C. The evaporation of electrolyte caused the first weight-loss stage. The second weight-loss was from the decomposition of organic binders that are wrapped on the surface of electrode materials. On the basis of the TG analysis, cathode and anode materials have similar pyrolysis characteristics, and the mixed pyrolysis of cathode and anode materials is feasible. 
Crushing Characteristics of Electrode Scraps Derived from Spent LIBs
Cathode and anode scraps were manually sorted and then crushed using an impact crusher. A sieving process was conducted to obtain five different sized fractions, and afterwards, ICP was used to analyze the element distributions in each fraction size, the results being given in Table 1 . Co, Ni, Mn, and Li, derived from cathode materials, and C, derived from anode materials, were mainly concentrated in the −0.2 mm size fraction, while Al and Cu foils were mainly concentrated in the +1.4 mm size fraction, which demonstrates that electrode scraps have selective crushing properties. However, some elements from electrode materials were distributed in +1.4 mm and −0.5 + 0.2 mm size fractions, which indicates that some electrode materials still attach to foils under the action of organic binders. It is also worth noting that some electrode materials that were liberated from foils were hard to separate from foils using the sieving process, because they still attached to each other under the action of organic binders. Based on this element distribution analysis, the removal of organic binders is a necessary process to improve the recycling efficiency of electrode materials. 
Facilitation Effect of Pyrolysis on the Liberation of Electrode Materials
Cathode materials were adopted to analyze the facilitation effect of pyrolysis on the liberation of electrode materials. Before and after pyrolysis, electrode materials were first embedded in selfcuring resin. After polishing, a smooth section of electrode materials was exposed. The EPMA images are shown in Figure 4 . As we can see from Figures 4a-c, the electrode particles were tightly adhered 
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Facilitation Effect of Pyrolysis on the Liberation of Electrode Materials
Cathode materials were adopted to analyze the facilitation effect of pyrolysis on the liberation of electrode materials. Before and after pyrolysis, electrode materials were first embedded in self-curing resin. After polishing, a smooth section of electrode materials was exposed. The EPMA images are shown in Figure 4 . As we can see from Figure 4a -c, the electrode particles were tightly adhered to each other by the organic binder. The gaps between electrode materials were filled with organic binders. Electrode materials are hard to liberate using only mechanical crushing. Figure 4d shows that organic binders were decomposed after pyrolysis treatment. Pyrolysis residues are porous and easy crush by mechanical crushing, which can improve the liberation efficiency of electrode materials. to each other by the organic binder. The gaps between electrode materials were filled with organic binders. Electrode materials are hard to liberate using only mechanical crushing. Figure 4d shows that organic binders were decomposed after pyrolysis treatment. Pyrolysis residues are porous and easy crush by mechanical crushing, which can improve the liberation efficiency of electrode materials. A pyrolysis treatment combined with mechanical crushing was applied to achieve the liberation between electrode materials and foils. After crushing, a sieving process was used to obtain electrode materials with a size of −0.2 mm. The effects of the pyrolysis parameters on the liberation efficiency of the cathode and anode materials were investigated. The crushing parameters remained unchanged in every crushing experiment. The liberation efficiencies of the cathode and anode materials with different pyrolysis parameters are given in Figure 5 .
The pyrolysis temperature played the most important role in the liberation process of the electrode materials. The effect of the pyrolysis temperature on the liberation efficiency of the electrode materials was evaluated at a pyrolysis time of 15 min and a pyrolysis heating rate of 10 °C/min. As the pyrolysis temperature rose, the liberation efficiency first increased and then decreased. The optimum pyrolysis temperature of the cathode material was 500 °C and 550 °C for the anode material. However, the pyrolysis temperature had little effect on the liberation of the anode material at 450 °C. Under the higher pyrolysis temperature, the liberation of cathode material declined sharply because of the sintering of organic binders. Differences in organic binders resulted in differing liberation efficiencies between the cathode material and the anode material. The optimum pyrolysis temperature of the mixed electrode materials was intended to be 500 °C.
The effect of the pyrolysis time on the liberation efficiency of electrode materials was investigated at a pyrolysis temperature of 500 °C with a pyrolysis heating rate of 10 °C/min. The liberation efficiency of cathode materials changed significantly as the pyrolysis heating rate changed. The optimum pyrolysis time of cathode materials was 15 min. At the same time, the pyrolysis time had little effect on the liberation of anode materials. The longer pyrolysis time aggravated the sintering phenomenon of the organic binder, decreasing the liberation efficiency of the electrode materials. The optimum pyrolysis time of the mixed electrode materials was 15 min. A pyrolysis treatment combined with mechanical crushing was applied to achieve the liberation between electrode materials and foils. After crushing, a sieving process was used to obtain electrode materials with a size of −0.2 mm. The effects of the pyrolysis parameters on the liberation efficiency of the cathode and anode materials were investigated. The crushing parameters remained unchanged in every crushing experiment. The liberation efficiencies of the cathode and anode materials with different pyrolysis parameters are given in Figure 5 .
The pyrolysis temperature played the most important role in the liberation process of the electrode materials. The effect of the pyrolysis temperature on the liberation efficiency of the electrode materials was evaluated at a pyrolysis time of 15 min and a pyrolysis heating rate of 10 • C/min. As the pyrolysis temperature rose, the liberation efficiency first increased and then decreased. The optimum pyrolysis temperature of the cathode material was 500 • C and 550 • C for the anode material. However, the pyrolysis temperature had little effect on the liberation of the anode material at 450 • C. Under the higher pyrolysis temperature, the liberation of cathode material declined sharply because of the sintering of organic binders. Differences in organic binders resulted in differing liberation efficiencies between the cathode material and the anode material. The optimum pyrolysis temperature of the mixed electrode materials was intended to be 500 • C.
The effect of the pyrolysis time on the liberation efficiency of electrode materials was investigated at a pyrolysis temperature of 500 • C with a pyrolysis heating rate of 10 • C/min. The liberation efficiency of cathode materials changed significantly as the pyrolysis heating rate changed. The optimum pyrolysis time of cathode materials was 15 min. At the same time, the pyrolysis time had little effect on the liberation of anode materials. The longer pyrolysis time aggravated the sintering phenomenon of the organic binder, decreasing the liberation efficiency of the electrode materials. The optimum pyrolysis time of the mixed electrode materials was 15 min. Pyrolysis-crushing experiments were conducted to evaluate the effect of the pyrolysis heating rate on the liberation efficiency of electrode materials at a pyrolysis temperature of 500 °C and a pyrolysis time of 15 min. The liberation efficiency of electrode materials decreased as the pyrolysis heating rate rose. The fast heating rate resulted in the inadequate decomposition of the organic binder, and then decreased the liberation efficiency. The effect of the pyrolysis heating rate on the liberation efficiency of electrode materials was not obvious. There was no obvious change in the liberation efficiency of electrode materials when the pyrolysis heating rate improved from 5 °C/min to 10 °C/min, but the time was saved by half. From the viewpoint of energy saving, the optimum pyrolysis heating rate was set at 10 °C/min.
The optimum pyrolysis parameters for the liberation of electrode materials were determined to be a pyrolysis temperature of 500 °C, a pyrolysis time of 15 min, and a pyrolysis heating rate of 10 °C/min. Electrode scraps were pyrolysis-treated at the optimum parameters and were mechanically crushed. At this time, the liberation efficiency of cathode materials was 98.23% and the liberation Pyrolysis-crushing experiments were conducted to evaluate the effect of the pyrolysis heating rate on the liberation efficiency of electrode materials at a pyrolysis temperature of 500 • C and a pyrolysis time of 15 min. The liberation efficiency of electrode materials decreased as the pyrolysis heating rate rose. The fast heating rate resulted in the inadequate decomposition of the organic binder, and then decreased the liberation efficiency. The effect of the pyrolysis heating rate on the liberation efficiency of electrode materials was not obvious. There was no obvious change in the liberation efficiency of electrode materials when the pyrolysis heating rate improved from 5 • C/min to 10 • C/min, but the time was saved by half. From the viewpoint of energy saving, the optimum pyrolysis heating rate was set at 10 • C/min. The optimum pyrolysis parameters for the liberation of electrode materials were determined to be a pyrolysis temperature of 500 • C, a pyrolysis time of 15 min, and a pyrolysis heating rate of 10 • C/min. Electrode scraps were pyrolysis-treated at the optimum parameters and were mechanically crushed. At this time, the liberation efficiency of cathode materials was 98.23% and the liberation efficiency of anode materials was 98.89%. Afterwards, the element distribution of different sized fractions of crushing products of the pyrolytic electrode scraps was analyzed, and the results are shown in Table 2 . From the results, we can see that the contents of Co, Ni, Mn, Li, and C in coarse fractions decreased after pyrolysis treatment, which indicates that the electrode materials had been adequately liberated from the foils and that the liberation between electrode materials was more adequate. 
Effects of Pyrolysis on the Phase Properties of Electrode Materials
XRD was used to evaluate the effects of pyrolysis on the phase properties of electrode materials. Before and after pyrolysis at 500 • C, electrode materials were tested by XRD, and their results are shown in Figure 6 . The raw electrode material phase indicated that the cathode material was LiCoO 2 , and the anode material was graphite. After pyrolysis treatment at 500 • C, no new material peaks were detected by XRD in electrode materials, which indicated that phase properties of electrode materials were not changed at the pyrolysis temperature of 500 • C. The XRD results demonstrate that 500 • C is an optimum pyrolysis temperature and it not only can achieve adequate liberation of electrode materials, but also does not change their phase properties. efficiency of anode materials was 98.89%. Afterwards, the element distribution of different sized fractions of crushing products of the pyrolytic electrode scraps was analyzed, and the results are shown in Table 2 . From the results, we can see that the contents of Co, Ni, Mn, Li, and C in coarse fractions decreased after pyrolysis treatment, which indicates that the electrode materials had been adequately liberated from the foils and that the liberation between electrode materials was more adequate. 
XRD was used to evaluate the effects of pyrolysis on the phase properties of electrode materials. Before and after pyrolysis at 500 °C, electrode materials were tested by XRD, and their results are shown in Figure 6 . The raw electrode material phase indicated that the cathode material was LiCoO2, and the anode material was graphite. After pyrolysis treatment at 500 °C, no new material peaks were detected by XRD in electrode materials, which indicated that phase properties of electrode materials were not changed at the pyrolysis temperature of 500 °C. The XRD results demonstrate that 500 °C is an optimum pyrolysis temperature and it not only can achieve adequate liberation of electrode materials, but also does not change their phase properties. 
Enhancement Flotation Behavior of Electrode Materials by Pyrolysis
XPS was used to analyze the surface properties of the pyrolytic electrode materials, and the results are given in Figure 7a and Table 3 . C-CF and C-CF groups that were from the pyrolysis products (fluorobenzene) were detected on the surface of the pyrolytic electrode materials, and the 
XPS was used to analyze the surface properties of the pyrolytic electrode materials, and the results are given in Figure 7a and Table 3 . C-CF and C-CF groups that were from the pyrolysis products (fluorobenzene) were detected on the surface of the pyrolytic electrode materials, and the contents of C-CF and C-CF groups were 10.89%. In addition, pyrolytic carbon was also detected on the surface of the pyrolytic electrode materials, the relative content of pyrolytic carbon was 7.98%. The pyrolysis residues were hydrophobic, making some cathode materials easily attach to bubbles and collect in the froth product, which reduced its flotation efficiency.
In order to improve the separation efficiency of cathode and anode material, ultrasonic cleaning was used to remove the pyrolysis residues. Figure 7b and Table 3 show the XPS analysis of pyrolytic electrode materials after ultrasonic cleaning. The contents of C-CF and C-CF groups decreased to 2.18%, while the content of pyrolytic carbon decreased to 4.59%. After ultrasonic cleaning, some hydrophobic pyrolysis residues were removed. The hydrophily of cathode material improved, enhancing the flotation behavior of cathode and anode materials. contents of C-CF and C-CF groups were 10.89%. In addition, pyrolytic carbon was also detected on the surface of the pyrolytic electrode materials, the relative content of pyrolytic carbon was 7.98%. The pyrolysis residues were hydrophobic, making some cathode materials easily attach to bubbles and collect in the froth product, which reduced its flotation efficiency. In order to improve the separation efficiency of cathode and anode material, ultrasonic cleaning was used to remove the pyrolysis residues. Figure 7b and Table 3 show the XPS analysis of pyrolytic electrode materials after ultrasonic cleaning. The contents of C-CF and C-CF groups decreased to 2.18%, while the content of pyrolytic carbon decreased to 4.59%. After ultrasonic cleaning, some hydrophobic pyrolysis residues were removed. The hydrophily of cathode material improved, enhancing the flotation behavior of cathode and anode materials. Flotation technology was used to separate anode material from cathode material and the results were shown in Table 4 . The cathode material grade in the cathode material concentrate was increased to 93.89%, while it was only 2.09% in anode material concentrate. The cathode material recovery increased to 96.88%, which indicates a better flotation efficiency was obtained than in the previous study [23] . Therefore, high separation efficiency is beneficial for the subsequent purification.
In this recycling process, organics in electrode materials were removed using pyrolysis technology. At the same time, the pyrolysis products were collected to reduce the environmental pollution of the process. After pyrolysis, the liberation efficiency and flotation efficiency of electrode materials were improved, which is advantageous to the subsequent treating process. This research Flotation technology was used to separate anode material from cathode material and the results were shown in Table 4 . The cathode material grade in the cathode material concentrate was increased to 93.89%, while it was only 2.09% in anode material concentrate. The cathode material recovery increased to 96.88%, which indicates a better flotation efficiency was obtained than in the previous study [23] . Therefore, high separation efficiency is beneficial for the subsequent purification.
In this recycling process, organics in electrode materials were removed using pyrolysis technology. At the same time, the pyrolysis products were collected to reduce the environmental pollution of the process. After pyrolysis, the liberation efficiency and flotation efficiency of electrode materials were improved, which is advantageous to the subsequent treating process. This research may provide an alternative flowchart for recycling spent LIBs. 
Conclusions
Pyrolysis technology was used to improve the recovery of cathode and anode materials from spent LIBs. Pyrolysis can remove organic binders that are wrapped on the surface of electrode materials, improving their liberation efficiency and flotation efficiency. The optimum pyrolysis parameters for the liberation of electrode materials were determined to be a pyrolysis temperature of 500 • C, a pyrolysis time of 15 min, and a pyrolysis heating rate of 10 • C/min. At this time, the liberation efficiency of cathode materials was 98.23% and the liberation efficiency of anode materials was 98.89%. Pyrolysis residues were further removed using ultrasonic cleaning. After this treatment, the flotation efficiency of electrode materials was clearly improved. The cathode material grade increased to 93.89% with a recovery of 96.88%. This research work provides an alternative method for recycling cathode and anode materials from spent LIBs.
